We apply a semianalytic galaxy formation model to two high resolution cosmological N-body simulations to investigate analogues of the Milky Way system. We select these according to observed properties of the Milky Way rather than by halo mass as in most previous work. For disk-dominated central galaxies with stellar mass (5-7) × 10 10 M , the median host halo mass is 1.4 × 10 12 M , with 1σ dispersion in the range [0.86, 3.1]×10 12 M , consistent with dynamical measurements of the Milky Way halo mass. For any given halo mass, the probability of hosting a Milky Way system is low, with a maximum of ∼20% in haloes of mass ∼ 10
INTRODUCTION
The cold dark matter (CDM) model has been shown to be consistent with many observations on cosmological scales, but uncertainties remain on small scales where complex baryonic processes are involved. A substantial number of faint satellite galaxies are known in the Milky Way system. Thanks to their relative proximity, the distribution, chemistry and motions of their individual stars can be measured precisely. This makes the Milky Way satellites an excellent laboratory to test the CDM model and also to investigate the physics of galaxy formation on small scales.
It has been known for some time that the count of substructures in simulated Milky Way-mass dark matter haloes greatly exceeds that of the known luminous Milky Way satellites (e.g. Klypin et al. 1999; Moore et al. 1999 ). In the context of CDM this is readily explained if the efficiency with which baryons are converted into stars drops quickly at low halo masses. This inefficiency is expected on the basis of the well understood atomic physics governing radiative cooling, the existence of an ionising cosmic UV background, and comparison of the energy released by supernovae (which drive the expulsion of baryons from dark matter haloes) to the depth of halo potential wells (Efstathiou 1992 ; Kauffmann et al. 1993 ; Bullock et al. 2000 ; Benson et al. 2002; Somerville 2002 ).
CDM galaxy formation models which incorporate even these most basic astrophysical effects have been able to reproduce not only the abundance but also radial distribution of satellites around the Milky Way (e.g. Okamoto et al. 2010; Macciò et al. 2010; Li et al. 2010; Guo et al. 2011; Font et al. 2011; Parry et al. 2012) . A host of other effects, such as cosmic ray pressure, may contribute to the regulation of star formation in these most marginal systems, (Wadepuhl & Springel 2011) .
Dwarf spheroidal galaxies (dSphs) make up most of the Milky Way (MW) satellite population. Since they are dark matterdominated galaxies, they are ideal for testing the close connection between the properties of dark matter haloes and the assembly of stellar mass predicted by CDM models. Relatively direct comparison between models and observations is now possible thanks to detailed kinematic analyses of the Milky Way dSphs (e.g. Peñarrubia et al. 2008; Strigari et al. 2008; Łokas 2009; Walker et al. 2009; Wolf et al. 2010; Strigari et al. 2010) . Boylan-Kolchin et al. (2011 , 2012 compared observed dSph stellar kinematics to predictions from the Aquarius Project, a set of six N-body simulations of dark matter haloes of mass ∼ 10 12 M (consistent with constraints on the halo mass of the Milky Way; see e.g. figure 1 of Wang et al. 2014) . They concluded that the most massive subhaloes in such simulations, which in typical galaxy formation models would host the most luminous satellites, are always too dense to be dynamically consistent with observations of any of the known Milky Way companions. Boylan-Kolchin et al. (2011) dubbed this discrepancy the "too big to fail" (TBTF) problem.
Several possible solutions to the problem have been advanced, including alternative forms of dark matter (e.g. Lovell et al. 2012; Vogelsberger & Zavala 2013) , baryon-induced changes in dark halo density profiles (di Cintio et al. 2011; Garrison-Kimmel et al. 2013; Arraki et al. 2013; Brooks & Zolotov 2014) , and uncertainties in the mass of the Milky Way halo Cautun et al. 2014) . All of these studies use dark matter halo mass as a starting point to select Milky Way analogues in simulations in order to analyze the internal kinematics of their subhaloes. However, galaxy formation involves many complex processes and its outcome depends not only on the present-day halo mass, but also on the formation history of the system. This is an important consideration both for the selection of primary galaxies and for the identification of relevant satellite haloes. Indeed, show that huge scatter exists in the relation between the stellar mass of dwarf satellite galaxies and their present-day subhalo mass. simulated analogues of the Local Group including full baryonic physics and found that the expulsion of baryons in winds from small dark matter haloes at early times reduced the central density of the haloes in which satellites form enough to solve the TBTF fail problem.
In this paper we implement the galaxy formation model of Guo et al. (2013) on two N-body cosmological simulations and identify Milky Way analogues using the properties of their central galaxies. We compare the halo mass of these Milky Way analogues to the observations, and examine the possibility of dark matter haloes of given mass hosting the Milky Way analogues. We then further analyze the abundance and kinematics of the subhaloes of satellite galaxies selected by their luminosity or stellar mass. At the end we investigate whether selecting MW analogues according to these observables could help solve the TBTF problem.
SIMULATION AND SEMI-ANALYTIC MODELS
This work makes use of two ΛCDM simulations: a high-resolution zoom simulation, Copernicus Complexio (COCO; Hellwing et al. in prep), and a cosmological volume simulation of lower resolution, Millennium-II (MS-II Boylan- Kolchin et al. 2009 ). The MS-II cube has sidelength 100h −1 Mpc. The particle mass is mp = 6.9 × 10 6 h −1 M and the force softening scale is ε = 1h −1 kpc. It assumes WMAP-1 cosmological parameters, with a linear power spectrum normalization, σ8 = 0.9, and matter density, Ωm = 0.25.
COCO simulates a high resolution comoving volume V = 2.25 × 10 4 h −3 Mpc 3 in the centre of a lower resolution periodic cosmological cube of sidelength 70.4h −1 Mpc using Np = 2374 3 DM particles. This results in a sample of ∼ 50 haloes of ∼ 10 12 M at z = 0 with high mass (mp = 1.135×10 5 h −1 M ) and force (ε = 230h −1 pc) resolution. Initial density perturbations were generated with the novel Panphasia technique (Jenkins 2013) which provides self-consistent and reproducible random phases for zoom-in resimulations across an arbitrary range of resolution 1 . Unlike MS-II, COCO assumes WMAP-7 cosmological parameters (Ωm = 0.272, ΩΛ = 0.728, σ8 = 0.81 and ns = 0.968). The slightly different cosmogonies simulated by these two calculations are reflected in the abundances and internal properties of their dark matter haloes. For example, the abundance of MW-mass haloes differs by a few per cent . However, the structural and kinematic properties of massive subhaloes in MW haloes are not affected in any significant way (BoylanKolchin et al. 2011; Wang et al. 2012; Garrison-Kimmel et al. 2013; Cautun et al. 2014 ).
We used stored snapshots (160 for COCO and 68 for MS-II) for Friend-of-Friends group finding (Davis et al. 1985) with a linking length equal to 0.2 times the mean inter-particle separation. Subhaloes are identified by applying the SUBFIND (Springel et al. 2001) algorithm to each FOF group. We define the centre of the FoF group as the potential minimum of the most massive self bound sub halo. The viral mass, Mvir, is defined as the mass enclosed by a virial radius, Rvir, which we approximate by the radius, R200, within which the mean density is 200 times the critical value for closure. The maximum circular velocity of a halo is defined as Vmax = max[ GM (r)/r] and is attained at radius rmax. For haloes close to the resolution limit,Vmax can be systematically underestimated. To correct for this effect, following Springel et al. (2008) , we adjust measurements V max from the simulation to
To populate dark matter haloes in our two simulations with galaxies, we applied the semi-analytic model recently developed by the Munich Group (Guo et al. 2011 (Guo et al. , 2013 to their merger trees. This model reproduces many statistical properties of the observed galaxy population, including the abundance of bright satellites around the Milky Way (Guo et al. 2011 ). There are two processes crucial in understanding the formation of low mass systems: UV reionization and supernova (SN) feedback. Guo et al. (2011 Guo et al. ( , 2013 ) adopted a fitting function originally proposed by Gnedin et al. (2004) to describe the baryon fraction as a function of halo mass and redshift. The fitting parameter and the characteristic halo mass beyond which the baryon fraction is close the universal value but below which it rapidly drops with decreasing halo mass are given by Okamoto et al. (2008) . Guo et al. (2011 Guo et al. ( , 2013 introduced a SN feedback model which depends strongly on the maximum velocity of the subhalo, but the total amount of energy to reheat and eject gas can never exceed the total energy released by SNII. For most of the satellites around the Milky Way, the feedback energy saturates at this value. Guo et al. (2011) also showed that SN feedback dominates the formation of relative luminous satellites (MV < -11), while reionization becomes important only for the very faint satellites (MV > −11).
In Guo et al. (2011) , satellite galaxies within the virial radius of their host are subject to two environmental effects: stripping of their hot gas halo by tides and ram pressure, and tidal disruption of their stellar component. The orbit of the satellite's subhalo in the N -body simulation is used to estimate these tidal and ram pressure forces. Once a satellite galaxy loses its parent subhalo, it is considered to merge into the central galaxy unless the density of the host halo at the pericenter of the satellite's orbit exceeds the average baryonic mass density within the half mass radius of the satellite. In this latter case, cold gas from the disrupted satellite is added to the hot gas halo of the host, and stars from the satellite to a 'stellar halo' component (which is not counted towards the stellar mass of the central galaxy).
In the following sections we describe how we select MW analogues from the resulting mock catalogues and present our analysis of their satellite galaxy populations.
RESULTS
The particle mass resolution of MS-II is sufficient to study the formation history of haloes more massive than ∼ 10 10 M . Moreover, in our semi-analytic model, the properties of central galaxies in haloes of mass 10 12 M are converged at the resolution of MS-II. However, the resolution of MS-II is not sufficient to study the internal kinematics of satellites with Vmax 30 km s −1 . The resolution limit of COCO corresponds to Vmax ∼ 10 km s −1 (Hellwing et al. in prep) , corresponding to the least massive satellite galaxies known in the Milky Way system. The smaller volume of COCO yields relatively few Milky Way analogues, however. We therefore use the larger volume of MS-II to study the halo mass distribution of Milky Way analogues selected according to their observable properties, and the higher resolution of COCO to study the internal properties of subhaloes in systems selected in this way.
Halo mass of the Milky Way
In previous works Milky Way analogues have been identified by selecting isolated haloes with mass in a narrow range, typically around ∼ 10 12 M . However, both theoretical work (e.g. Guo et al. 2010; Moster et al. 2010; Behroozi et al. 2010; Cautun et al. 2014) and observational data (e.g. Mandelbaum et al. 2006; Leauthaud et al. 2012) suggest that the scatter in the relation between galaxy mass and host halo mass is large. This raises the question of whether or not a narrow halo mass range is sufficiently representative of the 'Milky Way' galaxy population.
In the following we use galaxy properties predicted by our semi-analytic model to select Milky Way analogues, rather than dark matter halo mass. Our selection is based the stellar mass and morphology of the central galaxy with the following criteria:
and
where M * is the total stellar mass of the galaxy and M bulge is the stellar mass of the galactic bulge. We have chosen this stellar mass range based on recent observational constraints (e.g. McMillan 2011). The bulge selection is only intended to restrict the sample to disk dominated galaxies. The actual bulge mass fraction of the Milky Way is uncertain, as is the extent to which the model 'bulge' mass corresponds to the photometrically or kinetically classified 'bulges' of real disk-dominated galaxies. This joint selection yields 566 Milky Way-like galaxies in MS-II and 13 in COCO.
In Fig. 1 , the middle panel shows the distribution of Mvir for simulated Milky Way analogues selected according to these criteria. The black curve represents the MS-II sample and the red curve the COCO sample. Although the mass and spatial resolution of the two simulations differ greatly, a K-S test supports the hypothesis that these two samples are drawn from a common parent distribution at a confidence level of 0.97 (roughly within Poisson errors, as shown).
The median halo mass is 1. th and 84 th percentiles of the distribution predicted by our model. The model predicts that haloes of even higher masses could also host galaxies satisfying our Milky Way selection criteria: 31% of the host haloes in our samples are more massive than 2 × 10 12 M and 17% are more massive than 3 × 10
12 M . We have tested how a systematic shift in the stellar mass of the Milky Way affects the resulting halo mass distribution by assuming an alternative stellar mass range, 4 × 10 10 M < M * < 6 × 10 10 M . Relative to the peak of the black curve, we find the distribution of Mvir shifts to lower mass by ∼ 0.1 dex. In other words, the host halo mass range does not change much if we reduce the median 'Milky Way' stellar mass by 20%.
The bottom panel of Fig. 1 shows the fraction of all dark matter haloes of a given mass that host a central galaxy satisfying our Milky Way selection criteria. We find that this fraction reaches a maximum of around 16% at ∼ 2 × 10 12 M . Most of the haloes this mass either host a galaxy substantially more or less massive than the Milky Way, or else host a bulge-dominated galaxy. The fraction of Milky Ways drops rapidly at lower halo masses, and more slowly at higher masses. In general, even in the most favoured range of M200, the probability for a halo of any given mass to host a MW analogue is remarkably low. Hydrodynamic simulations of disk galaxies often preselect haloes from cosmological volumes for 'zoom' resimulations studies based on their mass. Our results indicate that such a selection will always be inefficient. Clearly, other properties of haloes and their individual formation histories also need to be taken into account ).
Satellite galaxies around the Milky Way
In the last section we have shown that our model predicts a typical halo mass for Milky Way analogues in the same range as recent measurements of the Milky Way galaxy itself. In this section, we will focus on the properties and spatial distribution of satellite galaxies around the Milky Way. As mentioned in Sec. 2, the mass resolution of the COCO simulation is 60 times higher than that of MS-II, and the spatial resolution is higher by a factor of 4. More than 90% of satellites in Mikly Way systems with Vmax > 15 km s −1 still have their own subhaloes in COCO, which allows us to follow their evolution in detail (see Appendix). This level of resolution is especially important for studying the internal dynamics and structure of satellite galaxies. For example, their rotation curves can be traced reliably and hence Vmax can be used as a robust measure of the depth of their potential. Therefore, in the following sections, we only use the COCO simulation to study the properties of satellite systems. Fig. 2 shows cumulative counts of satellite galaxies as a function of V-band magnitude around the 13 simulated MW analogues selected from COCO (black curves). The red dot-dashed curve represents the equivalent luminosity function of known satellites around the Milky Way and the dashed curve shows the average luminosity function of satellites in the MW and M31 found by Koposov et al. (2008) , who attempted to correct for incompletness and partial sky coverage. For this comparison, following Koposov et al., we define all galaxies within 280 kpc of each MW analogue as its satellites. The model predictions are broadly consistent with the data although the slope at the faint end is steeper in the simulations than in the data. This demonstrates convergence with the results of Guo et al. (2011) , who showed that the bright end of the V-band satllite luminosity function for the much larger number of MW analogues in MS-II is also in reasonable agreement with the MW and M31 systems 2 . Fig. 3 compares the galactocentric radial distribution of the most luminous satellites around our Milky Way analogues to those in the real Milky Way system. We restrict this comparison to the 'classical' brightest 12 satellites, using the galactocentric distances given by McConnachie (2012) . These observed satellites galaxies are brighter than MV ≈ −9, so we select simulated satellite galaxies with MV < −9 for this comparison. The Milky Way observations lie within the envelope of the radial distributions from our model.
Abundance and profile

Distribution of Vmax
In the following we focus on the kinematic properties of satellite galaxies. Recently, detailed kinematic measurements have been carried out for dSphs in the Local Group (e.g Peñarrubia et al. 2008; Strigari et al. 2008; Łokas 2009; Walker et al. 2009; Wolf et al. 2010; Strigari et al. 2010 Strigari et al. , 2014 , which makes it possible to perform a relatively direct comparison between data and simulations. In particular, stellar kinematics are often used to infer Vmax, which is then used to estimate the gravitational potentials of satellite host dark matter haloes.
Vmax is not a direct observable, of course, and must be inferred from other properties, such as the mass within a given radius (usually the mass within the half-mass radius, M 1/2 ), which in turn is computed from a measured stellar velocity dispersion. To calibrate this procedure, Boylan-Kolchin et al. (2012) computed Vmax using subhaloes from the Aquarius suite, a series of very high resolution resimulations of dark matter haloes with M200 ∼ 10 12 M . Assuming that the simulated subhaloes together constitute a representative sample of Milky Way-like satellite galaxy hosts, they constructed a theoretical distribution of Vmax for each real MW satellite. This was done by assigning a weight to the Vmax of each sim- ulated subhalo, according to how closely its mass within a radius equal to the observed stellar half-mass radius matched the value of M 1/2 inferred from kinematic observations (for details see BoylanKolchin et al. 2012) . Fig. 4 shows the cumulative distribution of Vmax for the 12 classical brightest satellites around the Milky taken from Table 2 of Boylan-Kolchin et al. (2012, red symbols with error bars)). For comparison to this data, we rank the most massive 12 satellite galaxies of each model Milky Way system according to their stellar mass and construct Vmax distributions (black and blue lines). The lowest value of Vmax corresponding to resolved satellites in COCO is about 10 km s −1 (see Appendix). Most of the simulated examples overpredict the abundance of satellites with high Vmax relative to the Milky Way. At Vmax ∼ 10-15 km s −1 , predicted subhalo abundances are consistent with the MW system. At Vmax ∼ 17 km s −1 , several model examples still agree with the data within Poisson errors. One out of the 13 simulated Milky Way analogues has a Vmax distribution consistent with the data (within Poisson errors) over the whole magnitude range considered here. We mark this system with a blue curve in Fig. 4 .
The host halo mass of the satellite system represented by the blue curve is 9.7×10 11 M , around the median of current estimates of the MW host halo masses (Fig. 1) . Hence, this is not the least massive halo in our sample. Of all our examples, this system has the lowest abundance of satellites with high Vmax. This may seem somewhat at odds with the conclusions of Wang et al. (2012) and Cautun et al. (2014) , who found that the abundance of subhaloes at high Vmax is proportional to the host halo mass. Although such a relation holds on average, several factors introduce a large amount of scatter into the correlation. In particular, the luminosity of dwarf galaxies in our semi-analytic model depends strongly on their formation history and not just on their present-day halo mass (e.g. Li et al. 2010 ). This broadens the relation between luminosity and halo mass and hence that between luminosity and Vmax. A similar scatter in the properties of low mass galaxies at a fixed halo mass is also found in recent hydrodynamical simulations .
Too big to fail?
Boylan-Kolchin et al. (2011) compared the abundance of dark matter subhaloes as a function of Vmax in the Aquarius simulations (assumed to be a representative sample of MW host haloes) to the inferred Vmax distribution of Milky Way satellites. They found that Aquarius predicts significantly more subhaloes with high Vmax compared to what one could expect from all-sky extrapolation of the available Milky Way data. Specifically, there are only 3 known satellites galaxies with Vmax above 30 km s −1 (the Large and Small Magellanic Clouds, and the tidally disrupted galaxy in Sagittarius), whereas Aquarius predicts, on average, 8 subhaloes with Vmax 30 km s −1 . This is one of a number of ways to express the "too big to fail" (TBTF) problem mentioned in the introduction.
Boylan- Kolchin et al. (2012) restated the TBTF problem by comparing the circular velocity profiles of simulated subhaloes to the kinematically best-matching observed MW dwarf spheroidal. Since the instantaneous value of Vmax for a given subhalo evolves over time (increasing as a subhalo grows, and decreasing as it is tidally stripped), they compare with values Vmax(z ref ) at several ). The idea is that the present-day stellar mass in a subhalo should be tightly correlated with at least one choice of z ref . As mentioned in the last section, however, galaxy formation in low mass haloes can be highly stochastic. Here we use the observables predicted by our model to test whether or not if suffers from a TBTF problem. Fig. 5 shows the fraction of Milky Way analogues which host N or fewer satellites with Vmax greater than a threshold value (given in the legend). In the top panel, as Boylan-Kolchin et al. (2011 , 2012 ) did, we select the 12 subhaloes with the largest values of Vmax at z = 0. We immediately see the fraction of Milky Way analogues hosting no more than N = 3 satellites galaxies with Vmax 30 km s −1 is zero, in line with the Aquarius simulations discussed above. However, assuming approximate √ N shot noise in the real Milky Way count, we can also note that the fraction of hosts having no more than N = 5 subhaloes with Vmax 30 km s −1 is 23%. The fraction of 'MW-compatible' systems decreases at a given value of N if we lower the threshold Vmax (red and cyan curves), and increases if we raise the threshold (blue curve). A recent study compared Local Group analogues in hydrodynamical and collisionless simulations from the same initial conditions and found that baryonic processes associated with feedback systematically reduce Vmax for a given subhalo by ∼ 10% -15%. As our simulation is collisionless, it is reasonable to take this effect into account by assuming observed satellites with a measured Vmax = 30 km s −1 correspond to collisionless haloes with slightly higher Vmax. This makes a significant difference -for example, stating the problem in terms of subhaloes with Vmax 35 km s −1 yields a fraction of 'MW-compatible' hosts around 40%.
The TBTF problem can be further alleviated by selecting simulated satellites for comparison according to their observable properties, rather than Vmax. In the bottom panel of Fig. 5 we select the 12 satellites with the highest stellar mass and ask if this sample also suggests a TBTF problem. The figure shows that, even without considering the possibility that baryonic processes may reduce the values of Vmax, 10% of Milky Way analogues in our model have three or fewer satellites with Vmax < 30 km s −1 , compatible with the real Milky Way. If systems with N = 5 or fewer satellites are considered comparable, then even a low Vmax threshold 20 km s −1 yields a compatible fraction of 10% (this is a very conservative threshold, since all 12 brightest satellites of the MW, except the LMC, SMC and Sagittarius, have Vcirc 20 km s −1 at their half light radius).
In summary, in addition to baryonic effects on satellite potentials and the uncertainty in the appropriate statistical error bar on the observed count of Milky Way satellites, the selection of simulated satellite galaxies by observables increases the fraction of simulated ∼ 10 12 M haloes that have abundances of 'high Vmax' satellites similar to that of the Milky Way system. Therefore, although lowering the assumed host halo mass alleviates the TBTF problem (Vera-Ciro et al. 2013; Wang et al. 2012; Cautun et al. 2014 ) this may not be necessary if a self-consistent galaxy formation model, rather than a Vmax scaling relation, is used to identify the 'brightest' satellites. This approach may be crucial for formulating realistic CDM-based theoretical predictions for MW-like satellite systems and their properties.
"Dark" substructures
The previous sections demonstrated that our model can reproduce the abundance, radial profile and Vmax distribution of the satellites in the Milky Way, even though the abundance of subhaloes with high Vmax is larger than the count of bright satellites observed with the same Vmax. In this section, we will show more quantitatively the diverse properties of satellite galaxies at a given Vmax.
Vmax vs. luminosity
The top panel of Fig. 6 shows the relation between maximum circular velocity and V-band magnitude for satellites in our 13 Milky Way analogues. The predicted median Vmax is an increasing function of V-band luminosity, but the scatter between Vmax and magnitude, MV , is very large. Even haloes with Vmax > 30 or 20 km s −1 can host galaxies fainter than MV = −9 (the approximate limits of completeness for current all-sky surveys of the Milky Way) or −5, suggesting that a significant number of 20 − 30 km s −1 satellites are still to be discovered. Likewise, at a given magnitude, Vmax covers a wide range. For example, at MV ∼ −12, Vmax varies from 40 km s −1 to < 10 km s −1 . This scatter between Vmax and luminosity stems from the fact mentioned above that the star formation rate history of a dwarf galaxy depends not only on its final halo mass or Vmax, but also on its dark matter mass assembly history Li et al. (2010) . The bottom panel shows the relation between final stellar mass and Vmax measured just before the time of infall. This relation is much tighter than the stellar mass vs. present-day Vmax relation shown in the top panel. This is because the subhaloes hosting satellite galaxies are subject to tidal forces capable of stripping their mass. Galaxies Wolf et al.(2010) , while those in Vmax are estimated by Boylan-Kolchin et al. (2012) . Green symbols show results for satellite galaxies in M31 as given by Tollerud et al. (2014) . We do not include the SMC and LMC in this figure. Vmax is ∼ 50 − 60 km s −1 for the SMC (Stanimirović et al. 2004; Harris & Zaritsky 2006) and > 80 km s −1 for the LMC (Olsen et al. 2011) . For Sagittarius, the appropriate value of Vmax is hard to determine, because the satellite appears to be strongly perturbed by its interaction with the central potential of the Galaxy.
embedded deep inside the potential of the substructures are more condensed and thus more resistant to such stripping, which can lower their central stellar velocity dispersion without necessarily disturbing their surface brightness profile (Peñarrubia et al. 2008; Cooper et al. 2010) . Our model implies that in 1/10 of MW analogues ∼ 1 − 2 relatively bright (MV −13) satellite galaxies may have extremely low values of Vmax (blue diamonds). In detail, this number will depend sensitively on the depth at which stars are embedded in their host potentials and on the details of tidal stripping. Fig. 6 also shows the inferred relation between Vmax and luminosity for Milky Way and M31 satellites. Vmax is estimated in the same way in both cases (Tollerud et al. 2014 ). Most of these data lie below the median prediction of the model (thick blue curve), but well within the 16-84 percentile range. Interestingly, however, the most massive satellites in both observational datasets lie furthest below the predicted median relation. 
Detection fractions
In the last section we showed that the scatter between Vmax and luminosity is large, such that it is possible for relatively massive subhaloes to host a galaxy with luminosity below the current allsky completeness limit. In this section we make an estimate of the fraction of undetected subhaloes as a function of Vmax. For this purpose, we consider MV = −9 to be the current limit of completeness and further assume that this is a hard cut. (In practice this limit is also a function of surface brightness, and survey depth varies across the sky; e.g. Koposov et al. 2008.) The top panel of Fig. 7 shows the average number of subhaloes hosting galaxies fainter than MV = −9 as a function of Vmax. At 20 km s −1 we find a median of 18 subhaloes below this completeness limit. This corresponds to 45% of all the dark matter substructures of the same Vmax, as shown in the bottom panel. This fraction increases rapidly with decreasing Vmax, such that around 90% of subhaloes (∼ 250) with Vmax > 10 km s −1 are below the limit. This conclusion holds for the single Milky Way analogue with a Vmax distribution consistent with Milky Way observations (red curve in Fig. 4 ).
CONCLUSIONS
We have applied a semi-analytic galaxy formation model to cosmological N-body simulations with sufficiently high resolution to study the properties of Milky Way analogues and their satellite galaxies. Our two simulations give converged predictions for the dark halo mass of the Milky Way, despite a large difference in mass resolution (a factor of 60) and spatial resolution (a factor of 4). Given its stellar mass, the most probable value for the halo mass of the Milky Way according to our model is 1.4 × 10 12 M , with a 1σ dispersion in the range 8.6 × 10 11 M to 3.1 × 10 12 M . This median value is consistent with measurements of the Milky Way halo mass using different dynamical tracers (see Wang et al. 2015 , for a summary).
For any given halo mass, the probability of hosting a Milky Way analogue is rather low, with a maximum probability of ∼ 20% in haloes of mass ∼ 10 12 M . This value decreases rapidly with lower and higher host halo mass. This implies that if one wishes to simulate the formation of a Milky Way like system, halo mass selection alone is not sufficient: other factors such as environment and assembly history are important. We intend to explore the influence of such factors on the formation of Milky Way analogues in future work.
We used the COCO simulation to study the properties of satellites in Milky Way analogues. Our model is able to reproduce both the abundance of satellites as a function of V-band luminosity and the radial profile of the bright galaxies (MV < −9). We have compared the Vmax distribution of the simulated satellites in COCO to inferences of Vmax from observations. We find one out of 13 Vmax distributions for our Milky Way analogues overlaps the observed distribution. However, we caution that the 'observed' values of Vmax are themselves dependent on calibration against collisionless N -body simulations.
With this caveat, a conservative upper limit on Vmax for most known satellite galaxies (excluding the LMC, SMC and Sagittarius) is ∼ 30 km s −1 . The severity of the "too big to fail" problem depends on a number of systematic uncertainties, such as the error assumed on the count of known satellites, the effect of baryonic processes on Vmax , and references therein) and the strength of the correlation between Vmax and luminosity. Our model shows that this last factor -the selection of the comparison sample according to luminosity in the presence of a large scatter between luminosity and Vmax -is important for predicting the number of MW satellites with high Vmax.
The large scatter between luminosity (stellar mass) and Vmax is a consequence of the complex formation histories of dwarf galaxies and environmental effects (such as tidal and ram-pressure stripping) acting on dark matter subhaloes. Subhaloes with high Vmax can host very faint galaxies, and bright galaxies can be hosted by haloes of low Vmax. A significant fraction of subhaloes in our model host galaxies below the approximate all-sky completeness limit for present surveys of MV > −9. Around half of our subhaloes with Vmax > 20km s −1 host galaxies fainter than this limit. The continued discovery of fainter Milky Way companions by deeper surveys will be important for constraining even the massive end of the subhalo mass function and associated tests of the CDM model.
APPENDIX A: NUMERICAL CONSIDERATIONS CONCERNING THE MAXIMUM CIRCULAR VELOCITY OF SATELLITES
When haloes fall into larger systems, they orbit around the potential centres as substructures, losing some of their mass to tidal stripping. Some substructures survive for a long time, while others may be disrupted shortly after infall. The finite particle mass of N-body simulations sets a minimum mass below which subhaloes cannot be resolved (in SUBFIND, subhaloes must contain at least 20 particles). Since most subhaloes lose mass though tidal stripping, many will eventually fall below this limit and be 'lost' from the simulation. The lower the resolution of the simulation, the more rapidly subhaloes will be lost artificially as a result of this numerical limit. The identification of the surviving substructures is thus affected by numerical resolution.
The MSII and the COCO simulations differ by a factor of 60 in particle mass and by a factor of 4 in softening length. In Fig. A1 we show the difference in the cumulative number of substructures as a function of maximum circular velocity in the two simulations. The difference is less than 20 percent at velocities, Vmax > 25 km s −1 , but increases very rapidly to 100 percent at 15 km s −1 . At 20 km s −1 , MS-II resolves only half of the subhaloes found in COCO. We note that MS-II adopts a higher value of σ8 which results in more substructures. Hence, the curve in Fig. A1 is a careful treatment of these satellite galaxies whose subhaloes are lost due to resolution.
The semianalytic galaxy formation model circumvents the resolution limit by allowing satellite galaxies to survive as bound objects for longer than their corresponding N-body subhaloes. We refer to these as "orphan" galaxies, because their parent subhalo has been lost. Their continued survival is determined by analytic calculations of inspiral towards the central galaxy under dynamical friction and the impact of tidal stripping on their stellar profile. The value of Vmax for orphan galaxies is fixed to that of their parent subhalo at the time it was last resolved. However, since these objects are suffering severe tidal stripping by definition, this estimate of Vmax is unlikely to be very accurate.
The bottom panel of Fig. A1 shows the fraction of satellite galaxies in our model whose subhaloes are resolved (i.e. are not orphans) as a function Vmax. We find more than 90 percent of satellite galaxies in COCO are in resolved subhaloes, and thus should have reliable Vmax measurements. In the main body of the paper we therefore use results from the COCO simulation to study satellite galaxies.
